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INTRODUCTION 

The remaining f o s s i l  energy resources conta ined w i t h i n  the  U n i t e d  Sta tes  
a r e  comprised p r i m a r i l y  o f  c o a l .  These resources have been es t imated a t  3.9 
t r i l l i o n  s h o r t  tons ( I )  o r  enough coa l  t o  p r o v i d e  t h i s  count ry  w i t h  all o f  
i t s  energy needs f o r  the  n e x t  two hundred years.  One drawback w i t h  t h i s  v a s t  
p o t e n t i a l  i s  the  d i f f i c u l t y  i n  u t i l i z i n g  t h i s  resource. Es t imates  i n d i c a t e  
t h a t  on l y  10-25 percent  ( I )  i s  recoverab le  u s i n g  present  day techniques. The 
remaining coa l  seams a r e  e i t h e r  too  deep o r  too  low i n  q u a l i t y  t o  mine 
economi ca 1 1 y . 

I n  an e f f o r t  t o  develop t h i s  inaccessable resource ERDA has sponsored 
severa l  d i f f e r e n t  research programs i n  underground coal  g a s i f i c a t i o n .  The 
Laramie Energy Research Center has been deve lop ing  a technique c a l l e d  the  
l i n k e d  v e r t i c a l  w e l l  (LVW) process t o  produce a low-Btu gas by g a s i f y i n g  a 
coal  seam i n  s i t u .  

The f i e l d  t e s t s  conducted a t  Hanna, (2,3) Wyoming, have shown t h a t  a 
low-Btu gas can be produced and a g r e a t  deal  o f  c o n t r o l  can be achieved in  
d i r e c t i n g  the  underground r e a c t i o n  systems, thereby r e s u l t i n g  i n  h igh  
u t i l i z a t i o n  o f  the  coa l .  The most recent  f i e l d  t e s t  conducted from A p r i l  
through J u l y  o f  1976 showed a t o t a l  o f  6700 tons o f  coa l  u t i l i z e d  and pro- 
d u c t i o n  ra tes  up t o  12 MM sc f /day .  (4 )  The h i g h e s t  h e a t i n g  va lue  ob ta ined 
f o r  a subs tan t i a l  p e r i o d  was approx imate ly  175 B t u / s c f .  In  a d d i t i o n  t o  t h i s  
low-Btu gas an o r g a n i c  condensate was co-produced w i t h  t h e  gas. For l ack  o f  
a b e t t e r  term, t h i s  o r g a n i c  l i q u i d  has been c a l l e d  a coa l  t a r .  I t s  compo- 
s i t i o n  has been s t u d i e d  f o r  var ious  reasons, one o f  which i s  t o  a s c e r t a i n  
i t s  va lue  as a petrochemical  feedstock o r  f u e l .  

Another c o n s i d e r a t i o n  i s  t h e  p o s s i b l e  changes i n  composi t ion due t o  
changes i n  r e a c t i o n  c o n d i t i o n s .  A d d i t i o n a l l y ,  the  p o s s i b l e  environmental  
e f f e c t s  o f  such a by-product on groundwater q u a l i t y  must also be accounted 
f o r  s ince  the  seam i s  considered t o  be a low-grade a q u i f e r .  Wi th  these 
thoughts i n  mind, t h e  c h a r a c t e r i z a t i o n  was s t a r t e d  t o  p o s s i b l y  answer these 
quest ions.  

DESCRIPTION OF THE LINKED VERTICAL WELL (LVW) PROCESS 

The coa l  seam a t  the  Hanna s i t e  i s  30 f e e t  t h i c k ,  approx imate ly  300 f e e t  
deep and o f  subbituminous rank, a coa l  t y p i c a l  o f  most Western coa ls .  

Numbers i n  parentheses r e f e r  t o  re fe rences  a t  t he  end o f  t h e  t e x t .  



The LVW process i nvo l ves  two d i s t i n c t  and separa te  s teps .  The f i r s t  i s  
a l i nkage  s t e p  t o  ach ieve  t h e  d e s i r e d  p e r m e a b i l i t y  necessary f o r  t he  subse- 
quent g a s i f i c a t i o n .  T h i s  1 inkage i s  achieved th rough a reverse  combustion 
process as shown i n  F i g u r e  1 and then the  g a s i f i c a t i o n  s t e p  us ing  a fo rward  
combustion process f o l l o w s .  The produced gases f l o w  through the  p r e v i o u s l y  
formed l i n k a g e  pa th  to  the p r o d u c t i o n  we l l  and f i n a l l y  t o  the  sur face .  The 
coa l  t a r s  a r e  produced w i t h i n  the  r e a c t i o n  zone and c a r r i e d  to t he  sur face  w i t h  
the  produced gas. 

The p a r t i c u l a r  sample t o  be d iscussed i n  d e t a i l  was produced d u r i n g  the  
f i r s t  t e s t  a t  Hanna ( c o l l e c t e d  on December IO, 1973) bu t  r e f e r e n c e  t o  o t h e r  
samples f rom more r e c e n t  t e s t s  w i l l  be made. 

EXPERIMENTAL 

Nonaqueous t i t r a t i o n  o f  n i t r o g e n  was performed i n  a c e t i c  anhydr ide  and 
benzene w i t h  HCIO, as descr ibed by B u e l l .  (5)  GLC analyses o f  t a r  a c i d s  were 
done on a I O '  x .055" 10% SP-1200/1% H~POL, on Chromosorb W AW column. Wi th  a 
he l ium c a r r i e r  gas, a f l ow  r a t e  o f  70 ml/min,  i so thermal  for 2 min a t  130" C, 
then 2" C/min inc rease t o  200" C, a usab le  s e p a r a t i o n  of components resu l ted .  
GLC analyses of t h e  a l i p h a t i c s  were done on a 20'  x .055" 3% SP-2100 on 
Supelcoport  column. W i t h  a f l o w  r a t e  o f  h e l i u m  c a r r i e r  gas a t  70 ml/min, 
isothermal a t  50" C for 4 minu tes ,  then a 2' C/min inc rease t o  300" C ,  a 
usable s e p a r a t i o n  was achieved. GC-MS d a t a  were c o l l e c t e d  on a system us ing  
a HP-5712 gas chromatograph i n t e r f a c e d  t o  an AEI MS-12 mass spectrometer.  

Simulated d i s t i l l a t i o n s  were performed w i t h  use o f  gas chromatography 
w i t h  residue d e f i n e d  as  any m a t e r i a l  t h a t  does n o t  b o i l  below 1000° F. 

F r a c t i o n a t i o n  i n t o  bas i c ,  a c i d i c  and n e u t r a l  f r a c t i o n s  was accomplished 
by aqueous m i n e r a l  a c i d ,  sodium b i c a r b o n a t e ,  and c a u s t i c  soda e x t r a c t i o n ,  
pH adjustment t o  regenera te  t h e  spec ies  and e x t r a c t i o n  w i t h  d i e t h y l  e ther .  
N e u t r a l s  were a l s o  separa ted  i n t o  a l i p h a t i c  and a r o m a t i c  f r a c t i o n s  w i t h  t h e  
use o f  s i l i c a  ge l .  Hexane was used t o  e l u t e  the  a l i p h a t i c s  and methanol t o  
remove t h e  aromat i c s .  

PHYSICAL PROPERTIES 

The f o l l o w i n g  range o f  phys i ca l  p r o p e r t i e s  were determined f rom many 
samples c o l l e c t e d  d u r i n g  the  th ree  d i f f e r e n t  t e s t s  conducted a t  Hanna, 
Wyom i ng . 

Table I - P h y s i c a l  P r o p e r t i e s  

S p e c i f i c  g r a v i t y  a t  60" F - 0.960 - 0.977 
V i s c o s i t y  a t  100" F - 3.5 - 13.2 c e n t i s t o k e s  

- 14,000 - 17,300 B t u / l b  I Heat o f  combustion 

As shown i n  T a b l e  I t h e  phys i ca l  parameters o f  these coa l  t a r s  a re  
d e s i r a b l e ,  i n  p a r t i c u l a r ,  t h e y  a re  very  mob i le  compared t o  t y p i c a l  coal  
t a r s .  
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CHEMICAL PROPERTIES 

The elemental  a n a l y s i s  (Table I I ) ,  f o r  the  sample c o l l e c t e d  on 
December IO, 1973, i s  t y p i c a l  f o r  most o f  t he  t a r s  produced from the  
underground coa l  g a s i f i c a t i o n  t e s t s  a t  Hanna. 

aPercentage determined by d i f f e r e n c e  

The maximum values f o r  n i t r o g e n  and s u l f u r  t h a t  have been observed 
a r e  1 percent  and 0.5 percent  r e s p e c t i v e l y .  

Another technique used for a n a l y s i s  i s  s imu la ted  d i s t i l l a t i o n s .  The 
s i m u l a t e d  d i s t i l l a t i o n  o f  the  coa l  t a r  ( c o l l e c t e d  December IO, 1973) i s  
shown i n  F igure  2. The i n t e r e s t i n g  p o i n t  is t he  f a c t  t h a t  none o f  t he  
m a t e r i a l  b o i l s  above 950" F. When compared w i t h  t h e  s imu la ted  d i s t i l l a t i o n  
o f  a coal  t a r  produced by l a b o r a t o r y  c a r b o n i z a t i o n  (F igure  3).  t he  obvious 
d i f f e r e n c e  i s  i n  t he  b o i l i n g  p o i n t  d i s t r i b u t i o n .  With use o f  i n t e r n a l  
standard,  i t  was determined t h a t  t h e  carbon ized l a b o r a t o r y  sample was 24 
percent  (we igh t )  r e s i d u e  o r  m a t e r i a l  b o i l i n g  above 1000" F versus 0 percent  
f o r  the  UCG sample (Table I I I ) .  

Tab le  I l l  - B o i l i n g  Range D i s t r i b u t i o n  
I t 

Amb- 400- - 500- 600- 700- 800- 900- 
Sample 400°F 500 600 700 800 900 E Residue 

Carbonized 0 11.3 16.3 13.1 15.2 12.4 7.5 24.2 1 
UCG sample 6.2 16.9 25.6 28.2 16.0 5.3 1.8 0 

Tab le  I I  - Elemental  A n a l y s i s  

- 0.18 
Oa - 2.27 

Th is  demonstrates an impor tan t  p o i n t  about t h e  UCG coal  t a r .  I t  i s  a 
f r a c t i o n a t e d  p o r t i o n  o f  t he  t o t a l  produced coal  t a r .  The passage through the 
p r o d u c t i o n  pa th  up t o  the  s u r f a c e  from t h e  r e a c t i o n  zone ac ts  as a p r e l i m i n a r y  
s e p a r a t i o n  s tep  b e f o r e  p r e s e n t i n g  the  coa l  t a r  a t  t he  p r o d u c t i o n  wel lhead. 
Th is  a l s o  e x p l a i n s  the  r a t h e r  low v i s c o s i t y  of t h e  t a r  s i n c e  t h e  more 
v o l a t i l e  components a re  produced a t  t he  s u r f a c e .  Th is  p rov ides  a r a t h e r  
unique product f o r  c h a r a c t e r i z a t i o n  when compared t o  t y p i c a l  coa l  t a r s .  

I 

Non-aqueous t i t r a t i o n  o f  t he  sample i s  shown i n  Table I V  

Tab le  I V  - Non-Aqueous T i t r a t i o n  Resu l ts  
I I 

Sample f rom I December IO, 1973 0.524% WB 0.186% VWB I 



Strong, weak and very weak bases a re  d e f i n e d  by t h e i r  h a l f  n e u t r a l i z a t i o n  
p o t e n t i a l  (HNP), w i t h  very s t r o n g  bases hav ing  an HNP less  than 150 mV, weak 
bases between 150 and 350 mV, and very  weak bases g r e a t e r  than 350 mV.  
P y r i d i n e s  and q u i n o l i n e s  w i l l  t i t r a t e  as weak bases and amides as very weak 
bases. Pr imary and secondary a n i l i n e s  t i t r a t e  as very weak bases s i n c e  they 
w i l l  a c e t y l a t e  and then t i t r a t e  as amides. 

The s e p a r a t i o n  o f  numerous samples i n t o  t a r  bases, t a r  a c i d s  ( s t rong  and 
weak ac ids)  and n e u t r a l s  gave the f o l l o w i n g  range o f  r e s u l t s  (Tab le  V). 

Table V - Compositions W t  % o f  Tar  

T a r  Bases 2.5 - 8.0% 
Tar  Acids .I - 1 % - St rong Acids 

Neut r a  1 s 55 - 77% - 70% Aromatic 
12 - 31% - Weak Acids 

30% A1 i p h a t i c  

I n  a d d i t i o n ,  t he  n e u t r a l s  were separated i n t o  a l i p h a t i c  and aromat ic  
f r a c t i o n s .  The i n t e r e s t i n g  p o i n t  was t h a t  a f t e r  l ook ing  a t  many samples, 
the  r e l a t i v e  amount o f  a l i p h a t i c s  vs. a romat ics  was e s s e n t i a l l y  cons tan t  
(30:70). 
q u i n o l i n e s  w i t h  some p y r i d i n e s  and a n i l i n e s ,  much as would be expected i n  a 
l i q u i d  p roduc t  produced from coa l .  

Prev ious  work (6)  on the  bases i n d i c a t e  them t o  be p r i m a r i l y  

The r e s u l t s  p resented  i n  t h i s  paper a r e  concerned w i t h  the  composi t ion 
of the  weak a c i d  and a l i p h a t i c  f r a c t i o n s  o f  t h i s  one sample as i d e n t i f i e d  by 
GC-MS and NMR a n a l y s i s .  Al though complete analyses have n o t  been f i n i s h e d  on 
o t h e r  samples, a comparison o f  the weak a c i d  and a l i p h a t i c  f r a c t i o n s  f rom 
o t h e r  samples w i l l  be made. i 

The sample f rom December I O ,  1973, was 14.5 percent  (by w e i g h t )  weak 
ac ids  and 23 percent  (by we igh t )  a l i p h a t i c s .  

WEAK ACIDS 

The compos i t ion  o f  the  weak a c i d  f r a c t i o n  i s  almost e x c l u s i v e l y  p h e n o l i c  
i n  na tu re .  Wi th  t h e  use o f  GC-MS a reasonable s e p a r a t i o n  (F igu re  4) and 
subsequent a n a l y s i s  was ob ta ined.  Tab le  V I  l i s t s  t h e  r e s u l t i n g  components 
determined. I n  some cases t h e  GC r e s o l u t i o n  was adequate enough t o  p r o v i d e  a 
mass s p e c t r a  "c lean"  enough t o  i d e n t i f y  s p e c i f i c  isomers b u t  i n  m s t  cases 
o n l y  enough i n f o r m a t i o n  was a v a i l a b l e  t o  determine molecu la r  we igh t  and/or 
degree o f  a l k y l a t i o n .  

Table V I  - Weak Acids 

phenol 
p - c reso l  
o - c reso l  
m - c reso l  
4 d i f f e r e n t  x y l e n o l s  
7 C 3  - phenols 
5 Cq - phenols 
smal l  a m u n t  o f  a romat ic  
aldehyde o r  ketone 

172 

J 



A d d i t i o n a l  s p e c t r a l  i n f o r m a t i o n  was ob ta ined  by manually t r a p p i n g  peaks 
e l u t e d  from the GLC and u s i n g  H 1  and C13 NMR techniques t o  i d e n t i f y  t h e  
components. 
s p e c t r a l  data suppor t  t h e  conclus ions o f  t he  GC-MS a n a l y s i s .  

Wi thout  t he  p r e s e n t a t i o n  o f  the data,  the H1 and C13 NMR 

ALIPHATICS 

The a l i p h a t i c  f r a c t i o n  showed very l i t t l e  i n  t h e  way o f  u n s a t u r a t i o n  o r  
c y c l i c  compounds b u t  a very h i g h  c o n c e n t r a t i o n  o f  s a t u r a t e  components. The 
r e s u l t s  (Table V I  I )  show a normal hydrocarbon s e r i e s  go ing f rom C l o  a l  1 t he  
way to C32. 

Table V I 1  - Composit ion o f  A l i p h a t i c s  
~~ 

1 .  n-Clo through n-C32 s e r i e s  

2 , l l  - Dimethyl t r i decane  (C15H32) 
2 - Methyl te t radecane (C15H32) 
4 , l l  - Dimethyl pentadecane (C17H36) 

2 .  Branched 6 - Methyl octadecane (C19H40) 
Saturates 7 - Methyl octadecane (C19H40) 

3 - Methyl octadecane (C19H40) 
3,6 - Dimethyl heptadecane (C19HL+O) 
two polybranched C19H40 I 2 , 4  - Dimethyl octadecane (C20H42) 

A small  amount o f  branched sa tu ra tes  a re  a l s o  observed w i t h  a r a t h e r  
l a r g e  concen t ra t i on  o f  C19 branched s a t u r a t e s .  As seen i n  F i g u r e  5, the 
GLC t r a c e  f o r  t h i s  sample shows the d i s t i n c t  normal s e r i e s  w i t h  the  branched 
Ci9 s e r i e s  a t  about 70 minutes r e t e n t i o n  t ime.  No C13 o r  H1 NMR spec t ra  
were run on t h i s  sample s i n c e  t h e  GC r e s o l u t i o n  was s u f f i c i e n t  to p rov ide  
reasonable GC-MS a n a l y s i s .  

COMPARISON OF SAMPLES 

Al though a n a l y s i s  by GC-MS and NMR o f  o t h e r  weak a c i d  and a l i p h a t i c  
samples a re  n o t  complete and ready for p resen ta t i on ,  the au tho r  f e e l s  t h a t  
the f o l l o w i n g  evidence o f  s i m i l a r i t y  between samples w i l l  be of i n t e r e s t .  

The o n l y  data presented i s  the ve ry  n o t i c e a b l e  resemblance between 
GLC t races  f o r  the weak ac ids  and a l i p h a t i c s  from d i f f e r e n t  samples (F igu res  
6, 7, 8 and 9 ) .  The coa l  t a r s  represented by these f r a c t i o n s  were c o l l e c t e d  
du r ing  d i f f e r e n t  t e s t s  a t  t he  Hanna, Wyoming s i t e .  The sample p r e v i o u s l y  
discussed was c o l l e c t e d  i n  the f i r s t  t e s t  d u r i n g  December o f  1973. The n e x t  
t a r  (F igures 6 and 8) was produced i n  the second t e s t  ope ra ted  from A p r i l  t i l  
August o f  1975. The t h i r d  sample (F igures 7 and 9) was c o l l e c t e d  d u r i n g  the 
most recent  t e s t  from A p r i l  through J u l y  1976. Simple o b s e r v a t i o n  of the 
th ree  GLC t races  (F igures 4 ,  6 and 8) f o r  the weak ac ids  show a ve ry  s t r o n g  
s i m i l a r i t y ,  i n d i c a t i n g  a ve ry  s i m i l a r  composi t ion for the  t h r e e  f r a c t i o n s .  A 
corresponding s i m i l a r i t y  i s  n o t i c e d  f o r  t he  a l i p h a t i c s  (F igu res  5, 7 and 9 )  
except f o r  the concen t ra t i ons  o f  what appears t o  be the n-C25 component i n  the  
6-25-75 sample (F igu re  7 ) .  Other  than t h a t  one d i f f e r e n c e ,  which the  au tho r  
cannot p rov ide  an exp lana t ion  f o r ,  t h e  f r a c t i o n s  a l l  have a normal s a t u r a t e  
se r ies  f r o m  about Cl0 t o  Cgl o r  C32 and a C19 branched s e r i e s  a t  70 minutes 
r e t e n t i o n  t ime. 
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Other samples have shown t h i s  same general  c h a r a c t e r  w i t h i n  a l l  t h e i r  
f r a c t i o n s  a l though they a re  no t  presented here. The overwhelming conc lus ion  
i s  t h a t  t he  coa l  t a r  i s  f a i r l y  cons tan t  i n  compos i t ion ,  no t  o n l y  d u r i n g  the 
l i f e  of an exper iment,  b u t  a l s o  from one t e s t  t o  another  as long as the  t e s t s  
a re  in  the  same coa l  seam. 

T h i s  would appear t o  be a very d e s i r a b l e  by-produc t  o f  the g a s i f i c a t i o n  
process due to  i t s  constancy. A d d i t i o n a l l y ,  the  cons is tency  o f  composi t ion 
would i n d i c a t e  a process approaching s t e a d y - s t a t e  c o n d i t i o n s  s ince  the re  does 
n o t  appear t o  be v a r i a t i o n  i n  one o f  i t s  p roduc ts ,  t he  coal  t a r .  

EXPLANATION OF COAL TAR FORMATION 

The f o l l o w i n g  d i s c u s s i o n  i s  based n o t  o n l y  on the  composi t ion o f  t he  
coa l  t a r s  bu t  a l s o  on the  o t h e r  a v a i l a b l e  i n f o r m a t i o n  p e r t a i n i n g  t o  UCG and 
i n  p a r t i c u l a r  the  work conducted a t  Hanna, Wyoming. 

The a i r  reac ts  e x o t h e r m i c a l l y  w i t h  t h e  coal  and/or char t o  p r o v i d e  heat 
f o r  the then h o t  gases C02 and H20 t o  r e a c t  w i t h  the  char  t o  form C O  and Hp. 
The s t i l l  r e l a t i v e l y  h o t  gases pass i n t o  o r  by f r e s h  coal  which i s  then 
d e v o l a t i l i z e d  t o  produce the  coa l  t a r s .  These coa l  t a r s  a r e  then f r a c t i o n a t e d  
accord ing  t o  b o i l i n g  p o i n t  s i n c e  they c o n t i n u e  t o  coo l  as they f l ow  w i t h  the  
product gas away from the  combustion zone o r  heat source. The h e a v i e r  com- 
ponents remain w i t h i n  the  seam u n t i l  they a r e  e v e n t u a l l y  consumed o r  t h e r m a l l y  
cracked t o  l i g h t e r  compounds. Th is  f r a c t i o n a t i o n  i s  based on the  temperature 
o f  the  passage and the  v e l o c i t y  o f  t h e  gas stream s i n c e  e n t r a i n e d  d r o p l e t s  
migh t  a l s o  be c a r r i e d  t o  the  s u r f a c e .  

This migh t  a l s o  p r o v i d e  a very conven ien t  method o f  d i s p o s i n g  o f  these 
heavy m o l e c u l a r  w e i g h t  m a t e r i a l s  t h a t  would be h a r d  t o  handle on the  sur face .  
I t a l s o  he lps  t o  decrease the  environmental  e f f e c t s  on the  ground water 
q u a l i t y ,  i f  t h e  more s o l u b l e  p roduc ts  ( the  v o l a t i l e s )  a r e  produced a t  t h e  
sur face  and t h e  l e s s  water  s o l u b l e  ( t h e  heavy ends) remain beh ind  and a r e  
e v e n t u a l l y  consumed. The a c t u a l  f a t e  o f  these o r g a n i c s  i n  t h e  ground water 
w i t h i n  the  seam w i l l  be determined i n  a t e s t  t o  be conducted d u r i n g  the  
s p r i n g  of 1977. 

CONCLUSIONS 

Ana lys is  o f  t h e  weak a c i d  and a l i p h a t i c  f r a c t i o n s  o f  a coal  t a r  produced 
from an underground coal  g a s i f i c a t i o n  t e s t  revea l  i n t e r e s t i n g  r e s u l t s .  The 
composi t ion o f  t he  weak ac ids  i s  much as would be expected, a l k y l a t e d  phenols.  
The a l i p h a t i c 5  have a normal s a t u r a t e  s e r i e s  runn ing  from C10 t o  C32 w i t h  
some branched s a t u r a t e s  and a p a r t i c u l a r l y  heavy c o n c e n t r a t i o n  o f  C19 branched 
s a t u r a t e s .  

The most i m p o r t a n t  p o i n t  i s  the  s i m i l a r i t y  o f  samples o v e r  the  l i f e  o f  a 
system or from t e s t  t o  t e s t .  
e a r l i e r ,  t h i s  s i m i l a r i t y  o r  constancy would i n d i c a t e  the  f o l l o w i n g :  

I .  As a fue l  o r  pe t rochemica l  feeds tock ,  a cons tan t  feedstock 

R e f e r r i n g  t o  the  th ree  ques t ions  proposed 

would be very  d e s i r a b l e .  
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2. The unchanging composi t ion suggests a system approaching s teady-  
s t a t e  c o n d i t i o n s .  

3. Environmental problems would be reduced i f  the  e f f l u e n t  was 
cons tan t  i n  composi t ion,  thereby l i m i t i n g  the  number of 
components t o  be moni tored.  

As a by-product, the c o a l  t a r  appears t o  be advantageous which o n l y  
increases the a t t r a c t i o n  o f  underground coa l  g a s i f i c a t i o n  as a commercial 
process. 
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